The cyclooxygenase (COX) product, prostacyclin (PGI2), inhibits platelet activation and vascular smooth-muscle cell migration and proliferation. Biochemically selective inhibition of COX-2 reduces PGI 2 biosynthesis substantially in humans. Because deletion of the PGI 2 receptor accelerates atherogenesis in the fat-fed low density lipoprotein receptor knockout mouse, we wished to determine whether selective inhibition of COX-2 would accelerate atherogenesis in this model. To address this hypothesis, we used dosing with nimesulide, which inhibited COX-2 ex vivo, depressed urinary 2,3 dinor 6-keto PGF 1␣ by approximately 60% but had no effect on thromboxane formation by platelets, which only express COX-1. By contrast, the isoform nonspecific inhibitor, indomethacin, suppressed platelet function and thromboxane formation ex vivo and in vivo, coincident with effects on PGI 2 biosynthesis indistinguishable from nimesulide. Indomethacin reduced the extent of atherosclerosis by 55 ؎ 4%, whereas nimesulide failed to increase the rate of atherogenesis. Despite their divergent effects on atherogenesis, both drugs depressed two indices of systemic inflammation, soluble intracellular adhesion molecule-1, and monocyte chemoattractant protein-1 to a similar but incomplete degree. Neither drug altered serum lipids and the marked increase in vascular expression of COX-2 during atherogenesis. Accelerated progression of atherosclerosis is unlikely during chronic intake of specific COX-2 inhibitors. Furthermore, evidence that COX-1-derived prostanoids contribute to atherogenesis suggests that controlled evaluation of the effects of nonsteroidal anti-inflammatory drugs and͞or aspirin on plaque progression in humans is timely. P latelet-dependent vascular occlusion complicating fracture of an atherosclerotic plaque is thought to be the pathophysiological basis of both acute myocardial infarction and the majority of cases of stroke (1, 2). The efficacy of plateletinhibitory drugs-aspirin (3-5), clopidogrel (6), and dipyridamole (7)-in the secondary prevention of coronary and cerebrovascular disease has been established in randomized controlled clinical trials. Much less is known about the potential contribution of platelet activation to development and progression of the underlying atherosclerotic disease. Although platelets release mitogenic growth factors and bioactive lipids when activated (8, 9), their relative absence in the descriptive morphology of atherosclerotic lesions in humans has led to a reduction in emphasis on their role in pathogenesis (10). Therefore, such studies do not address the possibility that platelets activated in the circulation of patients with atherosclerosis (11) might release products that modulate lesion progression, and controlled clinical trials of antiplatelet agents on plaque progression have not been performed. Similarly, mouse models of atherosclerosis seem quite resistant to spontaneous thrombosis (12), and it is unknown whether their development of vascular lesions alone results in platelet activation in vivo, as is the case in human atherosclerosis (11, 13) .
P
latelet-dependent vascular occlusion complicating fracture of an atherosclerotic plaque is thought to be the pathophysiological basis of both acute myocardial infarction and the majority of cases of stroke (1, 2) . The efficacy of plateletinhibitory drugs-aspirin (3) (4) (5) , clopidogrel (6) , and dipyridamole (7)-in the secondary prevention of coronary and cerebrovascular disease has been established in randomized controlled clinical trials. Much less is known about the potential contribution of platelet activation to development and progression of the underlying atherosclerotic disease. Although platelets release mitogenic growth factors and bioactive lipids when activated (8, 9) , their relative absence in the descriptive morphology of atherosclerotic lesions in humans has led to a reduction in emphasis on their role in pathogenesis (10) . Therefore, such studies do not address the possibility that platelets activated in the circulation of patients with atherosclerosis (11) might release products that modulate lesion progression, and controlled clinical trials of antiplatelet agents on plaque progression have not been performed. Similarly, mouse models of atherosclerosis seem quite resistant to spontaneous thrombosis (12) , and it is unknown whether their development of vascular lesions alone results in platelet activation in vivo, as is the case in human atherosclerosis (11, 13) .
The efficacy of low-dose aspirin in platelet-dependent vascular occlusion (3) (4) (5) is consistent with the role of platelet-derived thromboxane (Tx) A 2 as an amplifying signal for activation by more potent primary platelet agonists such as thrombin (14) .
Platelet Tx is formed via prostaglandin endoperoxide intermediates (15) by cyclooxygenase (COX)-1 (16) . An alternative source of Tx formation by macrophages and smooth-muscle cells in the vessel wall is COX-2 (17, 18) . Although this isoform is the most readily induced by inflammatory stimuli (19, 20) , both COXs are induced ex vivo in humans administered bacterial lipopolysaccharide (21) and are colocalized in human atherosclerotic plaque (22) . Recently, it has been reported that a Tx receptor (TP) antagonist retards atherogenesis in ApoEdeficient mice and that this reduction is accompanied by a decrease in elevated levels of soluble intercellular adhesion molecule (sICAM)-1, a marker of inflammation (23) .
These observations prompt interest in the relative contributions of the COX isoforms to atherosclerotic lesion development. Classical nonsteroidal anti-inflammatory drugs (NSAIDs) and aspirin are essentially isoform-nonspecific at doses administered in humans (24) , whereas inhibitors more selective for COX-2 have emerged into clinical practice. Recently, we found that the major COX product of macrovascular endothelial cells, prostacyclin (PGI 2 ), is formed predominantly, albeit not exclusively, by COX-2 in healthy humans (25, 26) , perhaps because of its induction in the vasculature by physiological rates of shear (27) . Deletion of the PGI 2 receptor results in an increased sensitivity to thrombotic stimuli (28) , and the likely effects of its suppression by COX-2 inhibitors without concomitant inhibition of platelet function has prompted much speculation. The present studies were designed to address two questions. First, we wished to determine whether suppression of PGI 2 by a pharmacologically selective COX-2 inhibitor would accelerate atherogenesis. Second, we wished to determine whether coincident inhibition of both COX isozymes with concomitant suppression of Tx and PGI biosynthesis would retard atherogenesis. To address these hypotheses, we defined biochemically the specificity of our pharmacological probes and characterized the biosynthesis of these eicosanoids as atherogenesis developed in the fat-fed, low density lipoprotein (LDL) receptor (R) knockout (KO) mouse.
Materials and Methods
Animals. LDLR-KO mice (back-crossed 10 times to C57BL͞6 mice) were obtained from The Jackson Laboratories at 6 weeks of age. All procedures and care of animals were approved by the Institutional Animal Care and Usage Committee of the University of Pennsylvania. After 2 weeks of acclimatization, they were fed a Western-type diet (normal chow supplemented with 0.15% cholesterol and 20% butter fat) for the entire study. At this time, animals were divided into three groups (n ϭ 14 each) and randomized to receive indomethacin (6 mg͞liter), an isoformnonspecific inhibitor (29) , nimesulide (40 mg͞liter), a selective COX-2 inhibitor (30), or placebo. Preliminary experiments demonstrated that the selected dose of nimesulide inhibited COX-2 activity ex vivo without concomitant inhibition of platelet TxA 2 . Urine was collected in metabolic cages at 8, 16, and 26 weeks of age. Blood samples were obtained as previously described from animals fasted overnight by retro-orbital bleeding (31) .
Assays for COX Activity. For serum TxB 2 , nonanticoagulated whole blood was allowed to clot at 37°C for 1 h as described (32) . Serum was separated by centrifugation at 1,000 ϫ g for 15 min and stored at Ϫ80°C until analysis.
Inhibition of COX-2 activity ex vivo was assessed as described (33) . Briefly, aliquots of heparinized blood were incubated with 10 g͞ml lipopolysaccharide (Sigma) at 37°C for 24 h. The contribution of platelet COX-1 was suppressed by the addition of 100 M aspirin. Because aspirin is inactivated rapidly by hydrolysis, induced COX-2 activity is unaffected, and the prostaglandin E 2 (PGE 2 ) formed in this assay depends on COX-2. Plasma was separated by centrifugation at 1,000 ϫ g for 15 min and stored at Ϫ80°C until analysis of PGE 2 .
Biochemical Analysis. Serum TxB 2 , plasma PGE 2 , urinary 2,3-dinor TxB 2 , and 2,3-dinor-6-keto PGF 1␣ were measured by stable-dilution isotope GC͞MS assays as described (34, 35) . Briefly, a known amount of each tetradeuterated internal standard was added to the samples. After solid-phase extraction, the samples were derivatized, purified by TLC, and analyzed on GC͞MS. Plasma cholesterol and triglyceride levels were determined enzymatically by using Sigma reagents. Levels of sI-CAM-1 and monocyte chemoattractant protein-1 (MCP-1) were measured by ELISA kits [Endogen (Cambridge, MA) and R & D Systems, respectively].
Platelet-Aggregation Studies. Platelet aggregation was studied as described (36) . Briefly, anticoagulated blood was centrifuged immediately at 100 ϫ g for 10 min at room temperature, and platelet-rich plasma was collected. The remaining fraction was centrifuged at 2,000 ϫ g to obtain platelet-poor plasma. Platelet aggregation was determined by light absorbance using a platelet aggregometer with constant magnetic stirring. Arachidonic acid (100 M) was used as an agent to induce an irreversible aggregation.
Ribonuclease Protection Assay. Expression of COX-1 and COX-2 in the murine vasculature was assessed by using a ribonucleaseprotection assay. Briefly, a 300-to 400-bp fragment of interest cDNA was PCR amplified, a T7 promoter was added to the 3Ј ending by PCR (Lig'n scribe kit, Ambion, Austin, TX), and a radiolabeled RNA probe was synthesized by in vitrotranscription system (MAXIScript T7 kit, Ambion). The probe was hybridized to 10-20 g total RNA for approximately 16 h at 42°C (RPA III kit, Ambion), and the samples were digested with RNase A͞T, precipitated, and loaded onto 7% denaturing polyacrylamide gel. The gel was dried, and signals were detected by autoradiography and quantitated on a PhosphorImager (Molecular Dynamics). The following mouse-probe primers were used: (i) for COX-1, forward primer 5Ј-GTTCCGAGCCCAGT-TCCAA-3Ј and reverse primer 5Ј-CATCTCCTTCTCTCCT-GTG-3Ј; and (ii) for COX-2, forward primer 5Ј-CCAGCACT-TCACCCATCAG-3Ј and reverse primer 5Ј-CTCATCAC-CCCACTCAGGA-3Ј. Both pairs of primers are hosted on C-terminal sequences, which diverge between the two isoforms (37).
Preparation of Mouse Aortas and Quantitation of Atherosclerosis.
After the final blood collection, mice were killed, and the aortic tree was perfused for 10 min with ice-cold PBS containing 20 mol͞liter butylated hydroxytoluene (BHT) and 2 mmol͞liter EDTA ( pH 7.4) by inserting a cannula into the left ventricle and allowing free efflux from an incision in the vena cava. After removal of the surrounding adventitial tissue, the aorta was opened longitudinally from the aortic root to the iliac bifurcation, fixed in formal-sucrose (4% paraformaldehyde͞5% sucrose͞20 mol/liter BHT͞2 mmol/liter EDTA, pH 7.4), and then stained with Sudan IV. The extent of atherosclerosis was determined by using the ''en face'' method (31) . Quantitation was performed by capturing images of aortas with a Dage-MTI 3CCD three-chips color video camera connected to a Leica MZ12 dissection microscope as described (31) .
Statistics. Results were expressed as mean Ϯ SEM. Total plasma cholesterol, triglycerides, PGE 2 , serum TxB 2 , urinary 2,3-dinor TxB 2 , the major urinary metabolite of PGI 2 (2,3-dinor-6-keto PGF 1␣ ), and the extent of aortic atherosclerosis were analyzed by ANOVA and subsequently by Student's unpaired two-tailed t test as indicated.
Results
Mice were housed as described (31) . Starting at 8 weeks of age, they were fed a Western-type diet for the entire study. Body weight, total plasma cholesterol, and triglycerides levels were not different between animals when randomized to the treatment groups at the beginning of the study. LDLR-KO mice on placebo had achieved a significant increase in plasma cholesterol, triglycerides levels, and body weight by the end of the study, i.e., at 26 weeks of age ( Table 1) . Excretion of 2,3-dinor TxB 2 , the major murine Tx metabolite in mice (34, 36) , was increased also. This increment was evident already after 8 weeks on high-fat diet (5 Ϯ 1.5 vs. 48 Ϯ 7 ng͞mg creatinine; P Ͻ 0.001). These levels increased further during the weeks of follow-up and were up to 10-fold higher than the initial values by the end of the study at 26 weeks of age (Fig. 1) . A similar pattern was observed for urinary 2,3-dinor-6-keto PGF 1␣ , the PGI 2 metabolite (ref. 35 ; Fig. 2 ). The mRNAs of both COX isoforms were detectable in the aortas of LDLR-KO mice at baseline. However, COX-2 mRNA was increased markedly in the presence of atherosclerosis, whereas COX-1 mRNA was not increased significantly (Fig. 3) . A group of 14 LDLR-KO mice (seven females and seven males) were randomized to receive indomethacin (6 mg͞liter). Assuming that each mouse drinks 3-4 ml of water per day, the estimated daily intake of the drug was calculated around 10-20 ng. Mice on indomethacin for only 8 weeks already showed a reduction of urinary 2,3-dinor TxB 2 compared with the animals receiving vehicle (7.5 Ϯ 1.5 vs. 48 Ϯ 3 ng͞mg creatinine, P Ͻ 0.001). By the end of the study, indomethacin had suppressed urinary 2,3-dinor TxB 2 by approximately 90-95% (Fig. 1) . Serum TxB 2 was depressed from 195 Ϯ 25 ng͞ml on placebo to 12 Ϯ 1.1 ng͞ml (P Ͻ 0.001) on indomethacin. Platelet aggregation induced by arachidonic acid was inhibited markedly also (Table 1) . There was a corresponding reduction of 2,3-dinor-6-keto PGF 1␣ excretion by approximately 60% (Fig. 2) . By contrast, indomethacin had no effect on body weight or plasma lipids (Table 1) . Consistent with the inflammatory basis of atherosclerosis (10) and observations in the apoE-KO model (23) , circulating levels of the inflammatory molecules sICAM-1 and MCP-1 increased in LDLR-KO mice as atherosclerosis developed over time (8 Ϯ 0.7 vs. 11 Ϯ 0.5 and 130 Ϯ 15 vs. 184 Ϯ 40 ng͞ml, respectively; P Ͻ 0.001 for both). These numbers fell significantly to 9.4 Ϯ 0.4 and 145 Ϯ 21 ng͞ml, respectively, on indomethacin (P ϭ 0.02 for both). By contrast, indomethacin treatment did not modify the expression of either COX-1 or COX-2 mRNA in atherosclerotic murine aortas (Fig. 3 ). Mice were killed at the end of the study, and their aortas analyzed for the extent of atherosclerosis. Although extensive atherosclerotic lesions were observed throughout the aorta in untreated mice (Fig. 4) , indomethacin significantly reduced the lesion area by 55 Ϯ 4% (P Ͻ 0.001 vs. placebo and P ϭ 0.03 vs. nimesulide; Figs. 4 and 5) .
Finally, another group of LDLR-KO mice were randomized to receive nimesulide (40 g͞liter) in their drinking water (n ϭ 14, seven females and seven males). Again assuming that each mouse drinks 3-4 ml of water per day, the estimated daily intake of this drug was calculated around 0.10-0.15 mg. This treatment had no effect on body weight, plasma cholesterol, and triglycerides (Table 1) . Consistent with this regimen selectively inhibiting COX-2, nimesulide failed to depress serum TxB 2 (195 Ϯ 2.5 vs. 190 Ϯ 2.6 ng͞ml) or to inhibit arachidonic acid-induced platelet aggregation (Table 1) . By contrast, lipopolysaccharideinduced whole blood PGE 2 generation was suppressed markedly from 12.8 Ϯ 1.8 to 2.0 Ϯ 0.7 ng͞ml (P Ͻ 0.001). Urinary 2,3-dinor TxB 2 was unaltered also by nimesulide (Fig. 1) , whereas excretion of 2,3-dinor-6-keto PGF 1␣ was suppressed markedly (Fig. 2) . As with indomethacin, circulating levels of sICAM-1 and MCP-1 were reduced from 11 Ϯ 0.5 to 9.1 Ϯ 0.3 (P ϭ 0.02) and from 184 Ϯ 40 to 140 Ϯ 18 ng͞ml, respectively (P Ͻ 0.01) on nimesulide. However, despite this effect, nimesulide did not modify significantly the expression of either COX isoform in the atherosclerotic aorta (Fig. 3) or the extent of atherosclerosis (Figs. 4 and 5) .
Discussion
The present study was designed to address two hypotheses. First, we wished to determine the effects of biochemically defined selective inhibition of COX-2 on atherogenesis. Second, we wished to assess the effects of combined inhibition of both COX isozymes on the process. The importance of the first objective relates to our observation that structurally distinct COX-2 inhibitors depress PGI 2 biosynthesis by approximately 60% in healthy individuals (25, 26) . PGI 2 inhibits vascular smoothmuscle cell proliferation, platelet activation, and leukocyteendothelial cell interactions in vitro (38) (39) (40) , and overexpression of PGI 2 synthase reduces blood pressure in pulmonary hypertension and the response to carotid injury in rodents (41, 42) . Recently, we reported that deletion of the PGI 2 receptor (IP) accelerates atherogenesis in LDLR-KO mice. † However, this effect is much less evident in mice retaining one copy of the IP, which may resemble more closely the effect of an inhibitor. Given that patients with juvenile arthritis in Western countries are likely to consume COX-2 inhibitors for extended periods while they consume an atherogenic diet, we felt it was important to address this aspect of drug action. On the other hand, platelet COX-1 is a prominent source of TxA 2 , a platelet agonist and vasoconstrictor that stimulates vascular smooth-muscle cell adhesion, migration, and proliferation (43) (44) (45) . Remarkably little information is available on the clinical effects of isoformnonspecific inhibitors such as indomethacin or aspirin on atherosclerotic plaque progression in humans. However, a TP antagonist has been reported recently to retard atherogenesis in apoE-KO mouse (23) .
We felt it was important to define the biochemical specificity of our pharmacological probes. Despite the nomenclature, ''specific'' inhibitors of COX-2 become isoform-nonspecific as a function of drug concentration (26, 46) . Thus, although such compounds have been evaluated in rodent models of cancer (47) and cardiovascular disease, ‡ the actual biochemical specificity of the drug regimens used has not been defined previously. We selected nimesulide (48) as a probe for COX-2 and used a regimen that markedly inhibited COX-2 but not COX-1 ex vivo. Consistent with these properties, nimesulide failed to inhibit platelet aggregation ex vivo. Urinary Tx biosynthesis, as reflected by metabolite excretion in urine, increased in the LDLR-KO mice as they developed atherosclerosis. Thus, despite the resistance of atherosclerotic mice to plaque fissure and thrombosis, they develop biochemical evidence of increased platelet activation, as is the case in atherosclerotic patients (11, 13) . Nimesulide had no effect on endogenous Tx biosynthesis, again consistent with observations with selective doses of COX-2 inhibition in humans (48) . PGI 2 biosynthesis also increased in the mice as they developed atherosclerosis. Again, this is consistent with observations in human atherosclerosis (11, 13) and probably reflects a homeostatic response to accelerated platelet-vessel-wall interactions. The biochemically selective dose of nimesulide suppressed excretion of the PGI metabolite by approximately 60%, suggesting that COX-2 was a prominent source of the increase in PGI 2 biosynthesis. This finding is consistent with the marked upregulation of COX-2 but not COX-1 in the aortas of the atherosclerotic mice as disease progressed. Although there is evidence that NSAIDs may regulate expression of COX-2 in vitro by acting as ligands for peroxisomal proliferator-activating receptors (49), there was no evidence that treatment with either nimesulide or indomethacin modulated expression of COX-2 during murine atherogenesis. Similarly, neither drug affected the lipid profile of the mice during atherogenesis. The effects of indomethacin were consistent with inhibition of both COX isoforms, as is the case for clinically used doses of both traditional NSAIDs and aspirin (24, 46) . Thus, serum TxB 2 was suppressed markedly, coincident with platelet inhibition ex vivo. Similarly, urinary Tx metabolite was suppressed markedly by indomethacin, whereas depression of 2,3-dinor-6-keto PGF 1␣ excretion was similar to that observed on nimesulide.
The two active treatments diverged significantly with respect to their effects on atherogenesis. There was no evidence that nimesulide accelerated atherogenesis, despite substantial suppression of PGI 2 biosynthesis without coincident inhibition of platelet function. Conversely, selective inhibition of COX-2 did not retard atherogenesis significantly. Despite their divergent effects on atherogenesis, both nimesulide and indomethacin depressed two systemic markers of inflammation, sICAM and MCP-1, to a similar but incomplete degree. Atherosclerosis is an inflammatory condition, and COX-2 inhibitors, aspirin, and traditional NSAIDs are effective in the treatment of arthritis. Studies in humans administered lipopolysaccharide suggest that COX-1 may contribute approximately 15% to PG I 2 biosynthesis in this model of inflammation (21) . Given the relatively crude subjective and objective criteria combined to assess drug efficacy (50, 51), one would not expect to discriminate such a contribution in clinical comparisons of COX-2 inhibitors and NSAIDs in arthritis. The failure of nimesulide to retard atherogenesis in these studies may reflect incomplete suppression of the inflammator y response, the balance between pro-and antiinflammatory effects of PGI 2 and other PG products, the features of the model and the timing of the evaluation.
Our results suggest that products of COX-1 are of likely importance in atherogenesis. Although a role for platelets in atherogenesis, which solely express COX-1, has been dismissed largely on observational grounds (10), this approach does not exclude the importance of soluble products of platelet activation such as TxA 2 . Indeed, Cayette et al. demonstrated that a TP antagonist retards atherogenesis in the apoE-KO mouse (23) . Aspirin failed to influence atherogenesis in this model, prompting the authors to speculate on a role for TP ligands other than those produced by COX. However, the aspirin regimen used in this case did not depress Tx to the degree necessary to inhibit Tx-dependent platelet activation (52, 53) . By contrast, Tx formation was depressed into the functionally relevant range in the present study, although suppression of additional, incidental TP ligands formed by COX, including PG endoperoxides and the isoprostane, iPF 2␣ -III (54, 55) , also may have been relevant. Surprisingly, there is no information from prospective controlled clinical trials of either aspirin or traditional NSAIDs on plaque progression. A small subset of individuals selected in a nonrandom manner from a controlled comparison of low-and highdose aspirin in patients with peripheral vascular disease (56) suggested that the former was more effective than placebo in retarding carotid-plaque progression as assessed by ultrasound. Clearly, these results and those of Cayette et al. (23) suggest that a controlled evaluation of aspirin, TP antagonists, or NSAIDs on plaque progression by using modern imaging methods such as electron-beam computerized tomography (57) is timely.
In summary, the development of atherosclerosis is associated in LDLR-KO mice, as in humans, with evidence of accelerated platelet-vascular interactions. Although increased vascular expression of COX-2 contributes to augmented PGI 2 biosynthesis, substantial but incomplete suppression of this eicosanoid with a COX-2 inhibitor failed to modulate the extent of atherosclerosis that had developed after 16 weeks on a high-fat diet. By contrast, combined inhibition of both COX isoforms retarded atherogenesis coincident with suppression of platelet-derived Tx into a functionally important range. These observations support the controlled evaluation of aspirin and TP antagonists in plaque progression in humans and suggest that acceleration of plaque progression during chronic consumption of COX-2 inhibitors is unlikely.
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